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ABSTRACT 
 This thesis was written to compare a few different paradigms for the brain 
computer interface (BCI) virtual speller using the P300 signal.  The paradigms consist of 
electrodes to record electroencephalogram signal (EEG), software to analyze the data, 
and a computer where the subject’s EEG is the input for a virtual keyboard.  There were 
three experiments that were constructed to test the accuracy, region error, and adjacency 
error among the paradigms.  The first experiment was the comparison of four paradigms: 
the single character (SC), row/column (RC), region based 1 (RB1), and region based 2 
(RB2) paradigms.  Six subjects were considered for that experiment and the accuracy of 
each paradigm and region errors were considered.  The second experiment was designed 
to determine the errors per region for the region based paradigm.  Eight subjects were 
considered for this experiment and the results concluded that region 4 (middle of the 
paradigm) had the most errors.  The last experiment performed was the comparison of the 
SC, RC, and RB2 paradigms.  This experiment took into consideration the accuracies of 
each paradigm, region errors, along with errors due to the adjacency problem.  Overall, 
the three experiments shared the same results with the RB paradigms being slightly better 
than the RC paradigm in accuracy and both the RC and RB paradigms being statistically 
better than the SC paradigm. 
1Chapter 1. Background and Literature Review 
1.1 Introduction 
The comparison of P300 based Brain Computer Interface (BCI) paradigms will be 
helpful to determine which paradigm has a higher accuracy, speed, and user acceptance.  
In this thesis, the four paradigms that are compared are the Single Character (SC), 
Row/Column (RC), Region Based 1 (RB1), and the Region Based 2 (RB2) paradigms.  In 
this chapter, we will discuss the human brain and the electrical signals that it generates, 
how a BCI system works, and different types of BCI.
1.2 The Human Brain 
A brief description of the human brain will help in a better understanding of the 
brain computer interface system.  A neuron is a nerve cell that sends an electrical signal 
through the body [1].  The neuron is composed of a cell body with dendrites around that 
with a tail-like Axon extending to the other neurons dendrites.  The axons are coated in a 
fatty myelin sheath which helps speed up the neuron signal and helps to protect the cell 
[2].  Figure 1.1 shows in detail what a neuron cell looks like.
2Figure 1.1 Structure of a neuron cell [3] 
The other part of the brain that is important are the glial cells, these were believed to be 
support cells for the neuron cells.  However, recent research has shown that these cells 
can also engage in interactions with synapses during neurotransmissions.  They can 
respond to neurotransmission, modulate neurotransmission, and instruct the development, 
maintenance, and recovery of synapses [4].  The electricity that is generated in the brain 
is due to the sodium potassium pumps at the cellular level.  The pumping of Na+
(Sodium), K+ (Potassium), Ca++ (Calcium), and the negative ions of Cl- (Chlorine) 
through the cell membranes generate current in the brain [5].  The neuron sends a signal 
to another neuron which then starts to pump Na+ increasing the positive electrical charge 
from -70mV to -50mV as soon as the action threshold is met it is additional Na+ pumps 
open and the voltage is now at +30mV.  Also, at this time the K+ channels open and the 
potential starts to go back to its natural state of -70mV.  It over shoots its resting voltage 
going down to -90mV called hyperpolarization [5].  Figure 1.2 shows a graphical 
representation of this electrical potential of the neuron cell.  The electrical signal in the 
brain is called Electroencephalogram (EEG) which was first recorded by Hans Berger in 
1924 [6]. 
3Figure 1.2 The change in potential by closing the Na+ channels and opening the K+ channels [7] 
1.3 EEG and Data Collection 
Hans Berger was the first person to record any electrical signal from the human 
brain.  He coined the term electroencephalogram (EEG) in 1924; he characterized the 
wave patterns including Alpha and Beta [6].  The electrical signals that the brain 
produces can be measured by placing electrodes on the scalp to measure a potential 
between two points.  Usually for noninvasive techniques a conductive gel is used 
between the scalp and the electrode to increase conductivity.  Berger discovered the 
Alpha wave which occurs at a relaxed state of awareness without any attention or 
concentration [5].  He also discovered the Beta wave which is associated with active 
thinking, attention, focusing on the outside world, and solving difficult problems [5].  
These are not all the waves that are found in the brain; there are three more important 
waves to be discussed; Delta, Gamma, and Theta waves.  The Delta wave is associated 
with deep sleep and may be present in a waking state [5].  The Gamma waves have low 
amplitudes and are rare in the brain [5].  Finally, the Theta waves appear when a person 
4is drowsy [5].  In Table 1.1, the different frequencies for each wave band are shown; in 
Figure 1.3 graphical representations of those waves are shown. 
Frequency band name Frequency range (Hz) 
Delta 0.5 – 4 
Theta 4 – 7.5 
Alpha 8 – 13 
Beta 14 – 26 
Gamma >30 (mainly up to 45 Hz) 
Table 1.1 Brain waves and frequencies [5] 
Figure 1.3 Beta, Alpha, Theta, and Delta waves graphically represented [5] 
1.4 P300 Component of Event Related Potentials 
The P300 wave is a positive peak in the human event-related potential [8].  It is 
most commonly elicited in an "oddball" paradigm when a subject detects a rare "target" 
stimulus [8].  The P300 amplitude varies with the improbability of the targets [9].  The 
5P300 amplitude can be represented as a function dependant on subjective probability (P), 
stimulus meaning (M), and overall stimulus information transmitted to the subject (T) [9]. 
ܲ͵ͲͲܣ݉݌݈݅ݐݑ݀݁ ൌ ݂ ቂܶ ൈ ቀଵ௉ ൅ ܯቁቃ                           (1.1) 
Latency of the P300 signal varies with the difficulty of discriminating the target stimulus 
from the non-target stimuli [8].  Normal peak latency when a young adult subject makes a 
simple discrimination is 300 ms after the stimulus [10].  
1.5 Brain Computer Interface 
“Brain-computer interface is a communication system that does not depend on the 
brain’s normal output pathways of peripheral nerves and muscles” [11].  The concept of 
the brain computer interface was first introduced during the early 1970’s by a ULCA 
researcher Jacques Vidal [12].  Vidal tried to have the evoked potentials to be an input to 
a computer.  Simply said, a BCI system is the connection between a brain and a 
computer.  The purpose of BCI is to bypass the normal paths of the signal to control the 
outside world.  The reason someone would want to do this is if their normal outputs from 
the brain were damaged, such as people with amyotrophic lateral sclerosis (ALS), spinal 
cord injury, and many other diseases or injuries [5,13-15].  It was not until 1988 that L. 
A. Farwell and E. Donchin (FD) developed a virtual speller brain computer interface 
using the P300 component of the event related potentials (ERPs) [13].  FD used a 6x6 
matrix of characters that flashed rows and columns which then determined the intended 
character by the intersection of the row and column with the most P300’s detected.
Figure 1.4 was taken from Farwell and Donchin’s 1988 paper ‘talking off the top of your 
head: toward a mental prosthesis utilizing event-related brain potentials’ [13].  In 1995, 
there were no more than six groups doing research in the area of BCI, today it is growing 
6and there is so much more researchers looking into this challenging area [11].  Brain 
computer interface can be separated into three different components: 1.) The BCI 
paradigm design, 2.) signal processing and feature extraction, 3.) classifier training.  All 
of these components are described in more detail in [16].  Recently, there has been 
research to change the visual aspects of the RC paradigm to see whether these minimal 
changes positively affect the speller paradigm [16].  Some of these changes will be 
described more in section 1.13. 
Figure 1.4 6x6 matrix of characters used by Farwell and Donchin in 1988 [13] 
1.6 Brain Computer Interface Inputs 
Brain computer interfaces use the brains signals at its input.  However, there are 
different parts of the EEG that it can use.  BCI systems commonly use four different 
aspects of the EEG signal: 1) visual-evoked potentials, 2) slow cortical potentials, 3) mu 
and beta rhythms, and 4) the P300 component of Event-Related Potentials [17].  Only the 
P300 component of the ERP is used in this research, therefore it will be the only one that 
7will be explained in depth.  Event-related potentials are the recorded EEG changes in 
response to an internal cognitive event [18].  The ERP can be caused by a visual, 
auditory, or somatosensory stimulus.  Figure 1.5 shows a recorded ERP with all its 
negative and positive peaks.  This study, along with many others uses the P300 section of 
the ERP. 
Figure 1.5 ERP at electrode location Cz to the visual oddball target processing.  The curves show the P300, 
P200, N100, and N200 [19] 
The oddball paradigm is where the subject’s attention is directed to a rarely presented 
‘target’ stimulus, while their EEG response to unexpectedly occurring ‘novel’ stimuli is 
investigated [20]. 
1.7 BCI Paradigm Design 
There are a couple of different paradigms that are used for BCI spelling purposes.
The original paradigm being the row/column (RC) developed by Farwell and Donchin in 
1988 [13].  Similar to the RC paradigm are the single character (SC) and the 
checkerboard paradigm (CB) [21].  The region based paradigm (RB) is another type that 
has been developed [22].  In the following sections, different paradigms are explained in 
more details. 
1[1
W
w
ch
g
el
Fi
S
th
.8 Row/C
Farwe
3].  It is a 6
hen the row
hen they fla
aracter is th
enerated.  Fi
iminate the 
gure 1.6 Row/
ince the P30
e target cha
olumn Para
ll and Donc
x6 matrix of
s and colum
sh that prod
en selected 
gure 1.6 sho
computer co
Column parad
0 is a low a
racter gets s
digm
hin introduc
 alphanume
ns flash the
uces a P300
by the inter
ws how the
mmands an
igm introduce
mplitude sig
elected [17]
8
ed this para
ric characte
 subject is f
 signal whic
section of th
 original FD
d only use a
d by Farwell a
nal this para
.
digm in 198
rs that flash 
ocusing on t
h the compu
e row and c
 paradigm h
lphanumeri
nd Donchin in
digm requir
8 as shown 
by rows and
he “target” 
ter detects 
olumn with 
as changed 
c characters
 1988 [13] 
es multiple 
in Figure 1.4
 columns.  
row and colu
[13].  The 
the most P3
slightly to 
.
flashes to en
mn,
00s 
sure 
91.9 Single Character Paradigm 
The single character paradigm is the exact same as the RC with only one 
difference, instead of rows and columns flashing one character flashes at a time.  This 
paradigm due to the slow speed has a low user acceptability and high usage difficulty 
compared to the RC, RB1, and RB2 paradigms [23].  In 2009 Guger compared both the 
SC and RC paradigms and the results show that 55.3% (N=38) were able to spell 100% 
accurate using the SC paradigm while 72.3% (N=81) were able to spell 100% using the 
RC paradigm.  Less than 3% were not able to spell any character correctly [14]. 
1.10 Region Based Paradigms 
The region-based paradigm was introduced for the first time in 2007 [24].  There 
are two versions of the region based paradigm, one with the characters in alphabetical 
order and another one with the characters in order of most frequently used characters in 
the English language [25].  Table 1.2 shows the characters that are used in both the RB1 
and RB2 paradigms. 
 Region Based 1 Region Based 2 
Region 1 ABCDEFG ETAONRI 
Region 2 HIJKLMN SHDLFCM 
Region 3 OPQRSTU UGYPWBV 
Region 4 VWXYZ12 KXJQZ12 
Region 5 3456789 3456789 
Region 6 0/*-+.? 0/*-+.? 
Region 7 “!@#$%&} “!@#$%&} 
Table 1.2 List of characters in level 1 in RB1 and RB2 
Similar to the flashing of the row and column each cluster of characters flashes randomly 
until one gets selected and then those seven characters get distributed similar to the 
regions.  Figure 1.7 shows the distribution of characters from level 1 to level 2 [23]. 
10
Figure 1.7 (left) RB1 at the first level where region 1 is selected, (right) RB1 paradigm at the second level 
where the seven characters in this region are expanded on the screen [23] 
Not only is there an increase of characters from 36 to 49 compared to the RC and SC 
paradigms, this RB paradigm reduces the crowding effect and eliminates the adjacency 
problem [23,25].  Crowding effect and the adjacency problem are both described in 
section 1.15. 
1.11 Checkerboard Paradigm 
The checkerboard paradigm eliminates the adjacency problem and the double 
flash problem but does not do away with the crowding effect.  The CB works by 
randomly creating two 6x6 matrices with alphanumeric characters and superimposing 
them together to create an 8x9 matrix shown in Figure 1.8 [21].  The paradigm avoids the 
double flash problem by always randomly filling the two matrices and flashing the virtual 
rows and columns.  What the subject sees are six random characters flashing; this fixes 
the adjacency problem as well. 
11
Figure 1.8 CB paradigm with the two 6x6 matrices superimposed [21] 
Figure 1.9 CB paradigm flashing 6 random characters [21] 
Figure 1.10 shows the two 6x6 matrix that are randomly selected to flash each row and 
column to ensure at least 6 flashes before the target character can flash again. 
12
Figure 1.10 CB two 6x6 matrices that are randomly selected [21] 
Table 1.3 shows the selection per minutes and bit rates for the row/column and the 
checkerboard paradigms based the results reported in [17]. 
13
Participant RC (sel/min) CB (sel/min) RC bit rate CB bit rate 
1 4.28 3.86 26.38 23.80 
2 0.45 3.07 2.76 18.94 
3 5.16 5.02 31.82 31.00 
4 1.79 3.07 11.07 18.94 
5 1.79 3.56 11.07 21.94 
6 4.50 3.40 27.79 20.98 
7 4.77 4.31 29.44 26.62 
8 3.97 3.07 24.50 18.94 
9 0.00 2.61 0.00 16.11 
10 0.00 3.69 0.00 22.75 
11 1.58 3.28 9.77 20.21 
12 1.12 4.92 6.91 30.34 
13 0.00 2.80 0.00 17.27 
14 5.04 6.38 31.09 39.35 
15 4.24 4.31 26.15 26.62 
16 3.15 2.05 19.40 12.68 
17 3.71 4.07 22.86 25.10 
18 2.92 2.42 18.01 14.95 
Mean 2.69 3.66 16.61 22.59 
Table 1.3 Selections per minute and practical bit rates of RC and CB with taking error correction into 
account [21] 
1.12 Signal Processing and Classifier Training 
Pre-processing is an important step in brain computer interface since the 
amplitude of the signal is very low and it being very prone to noise.  The signal is usually 
put through a bandpass filter to remove the dc component and any high frequency that is 
unwanted [25]. 
There are many different classification methods used with P300 based brain 
computer interfaces [25].  Linear discriminant analysis, support vector machines, and 
stepwise linear discriminant analysis will be discussed in following sections. 
1.12.1 Linear Discriminant Analysis 
Linear Discriminant Analysis (LDA) is a machine learning technique; its 
objective is to find the best grouping of features that separate two types of events [26].
14
LDA is a superior classification technique for detection of P300 signals in BCI than 
support vector machines [27].  There are a few difference variances of LDA including 
Fisher linear discriminant analysis, stepwise linear discriminant analysis, and Baysian 
linear discriminant analysis [25]. 
1.12.2 Support Vector Machines 
Support Vector Machines (SVM) offers an effective approach for pattern 
recognition in high-dimensional problems [28].  This machine learning technique is 
frequently used for binary classification purposes [25]. 
1.12.3 Stepwise Linear Discriminant Analysis 
Farwell and Donchin used stepwise linear discriminant analysis for their original 
6x6 matrix paradigm P300 brain computer interface virtual speller [13].  Stepwise LDA 
is an extension of LDA where only suited features are selected for the discriminant 
analysis therefore reducing the number of features required for classification [25]. 
1.13 Row/Column Paradigm Visual Modifications 
Ever since the original 6x6 matrix paradigm was introduced in 1988, there have 
been many visual modifications done to it.  A study done by Salvaris and Sepulveda was 
conducted not to achieve the highest possible accuracy, but to determine whether these 
straightforward modifications to the visual protocol will provide classification differences 
between them and what those differences might be [16].  The study consisted of 8 
subjects performing 6 experiments each of which they spelt out the phrase 
“THE_QUICK-BROWN_FOX_JUMPS_OVER_LAZY_DOG”, this phrase was chosen 
since it uses every letter in the English alphabet [16].  The 6 experiments were to test the 
15
differences between a black background versus a white background, large symbol size 
versus small symbol size, and large inter-symbol distance versus small inter-symbol 
distance [16].  The following three figures show the six experiments visual paradigms. 
Figure 1.11 White and black background visual paradigms [16] 
16
Figure 1.12 Large and small inter symbol distance visual paradigm [16] 
Figure 1.13 Large and small symbol size visual paradigm [16] 
The six experiments were done with two different classifications to determine if the 
results were classifier independent.  The two classifiers were support vector machine 
17
(SVM) with a radial basis function (RBF) kernel and Fisher’s linear discriminant (FLD) 
[16].  The results of the study showed that the only visual change that was statistically 
different was the white background and small symbol size; also there were no 
dependency for either classifier [16]. 
1.14 Challenges in P300 Brain Computer Interface 
There are many challenges that brain computer interfaces face.  Low amplitude of 
the EEG signals measured from the scalp even with conductive gel only generate 
between 10-100 μV.  With that in mind the more electrodes that are being used the better 
chances of P300 signals that can be detected.  The problem with a lot of electrodes is the 
amount of time it takes to set everything up.  Calibration is another downfall but a 
necessary step in the BCI process, being that it can take between 20-40 minutes [29].  
EEG signals are very sensitive and can be affected by the involuntary actions such as 
blinking.  Figure 1.14 shows the effects of blinking to the EEG signal, circled in red are a 
few of the peaks that are cause by blinking. 
Figure 1.14 EEG with blinking artifacts [30] 
18
For speller applications there are specific challenges for each paradigm.  The original FD 
paradigm has crowding effect, adjacency problems, and repetition blindness. 
1.15 Crowding Effect and Adjacency Problem 
The crowding effect is the difficulty to visually discriminant the target character 
due to similar characters surrounding it [25,31].  The 6x6 matrix paradigm is prone to this 
effect due to the large number of surrounding characters of any given target character.
Depending on the location of the target character there can be three to eight surrounding 
characters.  Figure 1.15 shows the error distribution for the RC paradigm, most of the 
errors are adjacent to the target character due to the crowding effect and the adjacency 
problem. 
Figure 1.15 Error distribution for the RC paradigm [21] 
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The adjacency problem is due to the neighboring characters flashing the subject 
noticing and having it generate a P300 [21,24-25].  This problem can be eliminated by 
reducing the flashes of non-target characters adjacent to the intended character.  A new 
checkerboard paradigm was introduced in 2010 to eliminate this problem.  The CB 
paradigm was discussed in section 1.11.  Figure 1.16 shows the error distribution using 
the checkerboard paradigm.  There are fewer errors adjacent to the target character as 
compared to the RC paradigm shown in Figure 1.15. 
Figure 1.16 Error distribution for the CB paradigm [21] 
1.16 Double Flash 
 Double flash is caused when the target character is flashed and then immediately 
flashed again.  This can cause the second flash to go unnoticed by the subject lowering 
the number of P300’s the intended character should get.  If the flash is noticed the two 
P300 signals could be overlapped and reduce the amplitude of the P300 [21]. 
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1.17 Applications of P300 Brain Computer Interface 
There are many different applications that have to deal with the interaction of the 
brain and a computer.  In this section we will discuss a few of them that deal primarily 
with the P300 signal. 
1.18 Lie Detector 
There have been experiments to show that the EEG waves are different when a 
person has prior knowledge of a crime or other knowledge [32].  In 1995 Farwell came 
up with an experiment to show that the P300 signal is educed when a subject is shown 
something he/she has prior knowledge to [33].  Subjects were shown three different 
stimuli’s 1) ‘target’, 2) ‘probes’, and 3) ‘irrelevant’.  The ‘probes’ stimulus was the one 
that would produce a large P300.  Half of the subjects were involved in a mock crime 
while the other half was not [33].  The results are shown visually below. 
Figure 1.17 EEG data for a subject who is knowledgeable regarding the investigated event [33] 
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Figure 1.18 EEG data for a subject who is not knowledgeable regarding the investigated event [33] 
1.19 Virtual Speller 
 Farwell and Donchin were the first to introduce a virtual speller in 1988 [13].
Since then there have been many other paradigms and modifications to them.  The 
checkerboard, region based, and single character are all variations of the original 
paradigm.  Virtual spellers are very useful for people with amyotrophic lateral sclerosis 
(ALS), multiple sclerosis (MS), locked in syndrome, and other diseases or injuries.  
Recently there has been a lot of research in the P300 based brain computer interface 
virtual speller devices [25]. 
1.20 Smart Home 
Guger set up a P300 based BCI experiment to test a virtual smart house.  He had 
the subjects perform tasks such as switching on and off the lights, opening and closing 
the doors and windows, controlling the TV set, using the phone, playing music, operating 
a video camera at the entrance, walking around in the house, and moving him/herself to a 
specific location in the smart home [34].  Figure 1.19 shows the control mask with the 
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main menu in the first 2 rows, the icons for the camera, door control and questions in the 
3rd and 4th row and the TV control in the last 2 rows and the control mask for going to a 
specific position in the smart home. 
Figure 1.19 (left) Control mask with the main menu in the first 2 rows, the icons for the camera, door 
control and questions in the 3rd and 4th row and the TV control in the last 2 rows. (right) Control mask for 
going to a specific position in the smart home. The mask gives a bird’s eye view of the apartment with 
characters at specific positions [34] 
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Chapter 2. Methods and Materials 
2.1 Experiments
 For this thesis there were three experiments performed.  An initial one comparing 
the SC, RC, RB1, and RB2 paradigms, one to explore the errors of the different regions 
for the region based paradigms, and the comparison of the SC, RC, and RB2 paradigms 
for 23 subjects.  Products of Guger Technologies (g.tec) were used, including 
g.GAMMAbox and g.USBamp for recording and g.BSanalysis for classification.
MATLAB and Simulink were used for the paradigms on the computer. 
Figure 2.1 Electrode location using the based on the international 10-20 system [35]
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EEG signals were recorded from eight channels at FZ, CZ, PZ, OZ, P3, P4, PO7, and 
PO8 locations as shown in Figure 2.1.  These locations are based off the international 10-
20 electrode system of electrode placement.  The 10-20 electrode cap is named due to the 
spacing of the electrodes, 10 and 20 degrees respectively [36].  An electrode at the FPZ 
location was considered as a ground channel and one electrode on the right mastoid was 
considered as a reference channel.  Data were sampled with a frequency of 256 Hz and 
filtered by a 0.1 Hz high pass, a 30 Hz low pass.  Six flashes with a flash time of 100 ms 
and a blank time of 150 ms were considered.  Linear discriminant analysis was used for 
the classification. 
2.2 Ethical Approval 
Ethical approval was obtained from the Institutional Review Board (IRB) from 
the University of North Dakota (UND).  The IRB is responsible for ensuring that the 
rights and welfare of human subjects in social behavioral and biomedical research are 
protected [37].  For our testing our IRB approval number was IRB-201006-372.  Every 
person carrying out the tests has gone through ethical training provided by the IRB. 
2.3 Equipment
For these experiments we used products of Guger Technologies (g.tec).  The 
g.GAMMAbox and g.USBamp are used for recording and g.BSanalysis for classification.
We use 8 of the g.LADYbird electrodes located at the FZ, CZ, PZ, OZ, P3, P4, PO7, and 
PO8 locations according to the international 10-20 system [35].  In addition to the eight 
electrodes we are using the g.LADYbirdGND for the ground location at FPZ location. 
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Figure 2.2 (top left) g.GAMMAbox, (top right) g.GAMMAusb, (bottom left) g.GAMMAearclip, (bottom 
middle) g.LADYbird, (bottom right) g.LADYbirdGND 
For the reference we are using the g.GAMMAearclip also from g.tec medical 
engineering.  All of these electrodes are held in place using the g.GAMMAcap as shown 
in Figure 2.3. 
Figure 2.3 g.GAMMAcap product of g.tec 
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2.4 Test and Paradigms 
The paradigms in this experiment were preformed in a random order using the 
MATLAB operation randperm(x) where x was the number of paradigms being tested.  
The subject was seated in front of the computer and the g.GAMMAcap was placed on 
their head.  The tester applied first an abrasive gel to move the hair from the electrode 
and remove any dead skin on the scalp shown in figure 2.4.  Then a conductive gel is 
applied to help the electrodes pick up the EEG signal from the brain through the scalp.  
Once the calibration is complete and the LDA classification is loaded the test administers 
opens the paradigm in MATLAB and types in the word the subject is going to try and 
copy spell.  The subject then focuses on the target character and attempts to spell the 
string of characters correctly.  For the SC paradigm the subject is instructed to focus on 
the target character and is told to keep a mental count of how many times that target 
character is flashed.  The subject should be counting to six every time. 
Figure 2.4  (left) The abrasive gel (right) the conductive gel 
Once a character is selected then the subject will focus on the next target character until 
the copy spelling is complete.  The SC paradigm takes the most amount of time compared 
to the other two paradigms as shown in Table 2.1.  The second paradigm that was tested 
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is the RC which is very similar to the SC paradigm with the only difference being that 
instead of a single character being flashed and whole row or column would flash making 
this paradigm three times faster than the SC paradigm.  The final paradigm that was 
tested was the RB2 paradigm.  This is a region based paradigm where there 7 sets of 7 
characters spread out as shown in Figure 1.7.  The subjects are instructed to focus on the 
set of characters that contains the target character or also known as the target set of 
characters.  Once the set of characters is selected the 7 characters are distributed similar 
to the layout of the sets of characters then the subject can focus on the target characters as 
they randomly flash.  Like the other two paradigms the subject is also asked to keep a 
mental count of the number of times the target character or set flashes. 
Paradigm Time(s)
SC 54
RC 18
RB 21
Table 2.1 Amount of time required to spell one character  per paradigm 
The amount of time it takes to spell out one character is based on the flash time, the dark 
time, and the number of flashes, Table 2.1 shows the amount of time it takes to spell a 
character per paradigm. 
2.5 Data Analysis and P300 Detection 
The EEG signals that are being recorded for this experiment are saved into a .mat 
file that is specific to each subject.  The name of each .mat file is in the following format: 
xxx-x-x.mat, where the first three characters are the subject id, the fourth character is the 
paradigm number, and the final character is the trial number of the set of words for that 
paradigm.  The signal processing part of the program will truncate the beginning and 
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ending part of the EEG signal after the stimulus.  This is done so the peak should fall into 
the range and the computer can determine which character elicited the most and largest 
P300s.  Figure 2.5 shows the P300 signal in the EEG from Subject 4.  The red line in the 
graph represents when the target character flashed.  The RC paradigm selects the correct 
character by which row and column have the largest and most P300s then takes the 
intersection of these two to show the probable target the subject was focusing on. 
Figure 2.5 EEG from Subject 4 showing a P300 
The SC paradigm just takes the single character that has the largest and most P300s.
Similar to the SC, the RB2 selects the region that has the largest and most P300s, it does 
this twice until it selects a character. 
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2.6 Questionnaire 
There are two questionnaires that each subject fills out in order to be able to 
determine their mood, fatigue level, and other feelings on the paradigms.  The subject 
fills out the first half of the Brain Computer Interface Subject Questionnaire shown in 
Appendix A – BCI Subject Questionnaire before any testing.  After each paradigm is 
complete the subject would then fill out a separate questionnaire to evaluate only that 
paradigm, this questionnaire can be seen in Appendix B – Subject Questionnaire.  Once 
the entire experiment is over then the subject will complete the second half of the Brain 
Computer Interface Subject Questionnaire.  The questionnaires are eventually compiled 
to determine which paradigm causes the most fatigue and which are the most user 
friendly.
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Chapter 3. Results and Discussion 
3.1 Experiments
 For this thesis there were three experiments that took place and are going to be 
discussed in this section.  The first experiment was implemented in July of 2010 and was 
the comparison of the SC, RC, RB1, and RB2 paradigms.  Only six subjects were tested 
for this experiment.  The second experiment was to test the errors per region for the RB 
paradigms and took place in late 2010 and only 8 subjects were considered.  The final 
experiment was the comparison of the SC, RC, and RB2 paradigm which took place in 
the first half of 2012 and 23 subjects were considered.  The results of each experiment are 
described in greater detail in the following sections. 
3.2 Comparison of SC, RC, RB1, and RB2 
In this experiment four different paradigms were used: row/column (RC), single 
character (SC), region based 1 (RB1), and region based 2 (RB2).  Spelling two words, 
‘WATER’ and ‘LUCAS’, test each word three times for each paradigm.  Each subject 
underwent a calibration using the RC paradigms spelling the word, ‘WATER’, depending 
on the subject they would spell the word 2-4 times. 
3.2.1 Subjects
 Six subjects (6 Males) ranging in age from 22-29 with the average age being 
25.83 years.  Every subject had/has some affiliation with the University of North Dakota.  
Each subject voluntarily participated in the experiments which lasted about 2-2.5 hours 
on average per subject.  Each subject was explained the procedure, asked to read and sign 
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the consent form for the IRB approval, seated in front of a computer screen, and was told 
to relax and avoid any unnecessary movements during testing. 
3.2.2 Accuracies of Paradigms 
 The two graphs below show the results of the accuracies of spelling the two 
words.  Looking at the graphs it is clear that the SC paradigm had the lowest percent 
correct.  While, not as obvious the RB2 and RB1 outperformed RC. 
Figure 3.1 Accuracy for the word ‘WATER’ for each subject and each paradigm [23] 
The average accuracies for each paradigm were 72.2%, 85%, 90.6%, and 86.1% for the 
SC, RC, RB1, and RB2 paradigms respectively.  The bit rates for each paradigm were 
11.1, 15.8, 17.4, and 16.2 for the SC, RC, RB1, and RB2 paradigms respectively using 
the equation 3.1. 
 ൌ ଶ  ൅  ଶ  ൅ ሺͳ െ ሻ ଶ ቂଵି୔୒ିଵቃ (3.1)
The amount of time in seconds it took to select one character was 11.52, 34.56, 13.44, 
and 13.44 seconds for the RC, SC, RB1, and RB2 paradigms respectively 
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Figure 3.2 Accuracy for the word ‘LUCAS’ for each subject and each paradigm [23] 
For the questionnaire results the level of fatigue was 6, 7.8, 5.1 and 6.7 for RC, SC, RB1, 
and RB2 paradigms respectively.  The user acceptability was 7, 5, 7.5, and 7.8 for RC, 
SC, RB1, and RB2 paradigms respectively.  The usage difficulty was 3, 5, 2.5, and 1.8, 
for RC, SC, RB1, and RB2 paradigms respectively [23]. 
3.2.3 Region Errors 
For the same test we determined the errors per region for the six subjects.  Figure 
3.3 shows the errors per region for the RB1 and RB2 for the all three trials.  Region four 
shows the most errors and with such a small sample size there needs to be another test 
designed to test this with more subjects. 
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Figure 3.3 Errors per region results from a study in 2010 [23] 
3.3 Errors per Region in an RB Paradigm 
This experiment was designed to test the errors per region for a region based 
paradigm.  Each region was filled with the same characters ‘ABCDEFG’ so there would 
be no errors due to difference in characters.  There were 8 subjects (8 males) that 
participated in the experiment ranging in age from 19-27 with an average age of 22.00 
years.  Twenty random trials were performed with these eight subjects.  During the region 
selection process, each subject was asked to select all regions in a given random order 
and errors were recorded.  An error was considered when a wrong selection was made by 
the user as opposed to the intended region.  It was found that the region 4 (in the middle 
of screen) had the lowest accuracy (maximum error) among the seven regions.  All 
sounding regions (regions 1-3 and regions 5-7) had similar accuracies and higher 
accuracy than region 4.  The graph on the next page shows the average errors per region 
for the 8 subjects.
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Figure 3.4 Average errors per region for the errors per region experiment 
3.4 Comparison of SC, RC, and RB2 
In this experiment we used three different paradigms row/column (RC), single 
character (SC), and region based 2 (RB2).  Spelling two words, ‘PEBBLE!’ and 
‘MX85+Z&’, testing each word three times for each paradigm.  Each subject underwent a 
calibration of spelling two words, ‘WATER’ and ‘LUCAS’, using the RC paradigm, each 
word was spelt three times.  The two words used for the testing were selected because 
each region in RB2 gets selected exactly four times each.  The placement of the extra 
characters in the 6x6 matrix were selected for a similar reason, to even out the number of 
times a row or column would be selected. 
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3.4.1 Subjects
 Twenty-three subjects (17 Males, 6 Females) ranging in age from 19-29 with the 
average age being 22.78 years.  Every subject had/has some affiliation with the 
University of North Dakota.  Each subject voluntarily participated in our experiments 
which lasted about 2-2.5 hours on average per subject.  Each subject was explained the 
procedure, asked to read and sign the consent form for the IRB approval, seated in front 
of a computer screen, and was told to relax and avoid any unnecessary movements during 
testing.
Figure 3.5 Modified 6x6 matrix for this experiment 
3.4.2 Accuracies of Paradigms 
There are many different ways to analyze the results from this experiment.  This 
section is going to focus on the percentage of correct characters selected for each 
paradigm.  There are a few subjects that had very low percentages and those will be 
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removed to show how those outliers affect the overall results.  According to a study done 
in 2009 by Guger et al. they showed about 3% of subjects tested (N=100) were not able 
to spell any characters correctly [14].  The individual results of all the subjects are shown 
in Appendix E – Results from the comparison of SC, RC, and RB2 Paradigms.  Table 3.1 
on the next page shows the average of three trials for each subject for each word.  The 
table shows that while RC and RB2 paradigms were similar in accuracies with 71.58% 
and 74.11% respectively for both words for all subjects.  The SC paradigm did not do as 
well with an average of 54.15% for all subjects for both words.  There was a two way 
analysis of variance (ANOVA) test done to see if there were any statistical evidence for 
one of the paradigms being better that the other two or two better than one.  Minitab was 
used with the average of the three trials for each subject and each word (i.e. there were 23 
subjects * 3 trials = 69 accuracy points for the word PEBBLE! and 69 accuracy points for 
the word MX85+Z&).  In addition to the ANOVA test there was a main effects plot for 
the accuracy shown in Figure 3.6 which shows the accuracy for each paradigm and both 
of the words.  Figure 3.5 shows the matrix of characters used for the SC and RC 
paradigms in this experiment. 
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SC-AVG RC-AVG RB-AVG
Subject 1 85.67 85.67 81.00
Subject 2 52.33 85.67 71.00
Subject 3 47.33 85.67 90.67
Subject 4 33.33 66.33 47.67
Subject 5 100.00 90.33 100.00
Subject 6 38.00 81.00 62.00
Subject 7 33.67 95.33 76.00
Subject 8 81.00 85.67 76.33
Subject 9 76.33 100.00 90.67
Subject 10 4.67 71.33 71.33
Subject 11 52.33 61.67 95.33
Subject 12 23.67 14.33 43.00
Subject 13 9.67 19.00 43.00
Subject 14 100.00 71.67 81.00
Subject 15 23.67 57.00 71.33
Subject 16 66.33 100.00 90.33
Subject 17 52.33 66.67 76.33
Subject 18 19.00 0.00 14.33
Subject 19 90.67 100.00 100.00
Subject 20 86.00 85.67 90.67
Subject 21 24.00 71.00 66.33
Subject 22 100.00 90.33 66.67
Subject 23 90.33 86.00 90.33
All Subjects 56.10 72.62 73.71
PEBBLE!
SCͲAVG RCͲAVG RBͲAVG
Subject1 76.00 76.00 100.00
Subject2 61.67 80.67 85.67
Subject3 47.67 76.00 100.00
Subject4 47.67 61.67 43.00
Subject5 80.67 100.00 86.00
Subject6 14.33 66.67 47.33
Subject7 33.67 90.67 71.33
Subject8 71.67 90.67 71.33
Subject9 66.67 100.00 76.00
Subject10 0.00 66.33 71.67
Subject11 47.67 57.00 90.67
Subject12 14.33 4.67 71.00
Subject13 0.00 9.33 24.00
Subject14 90.67 57.00 61.67
Subject15 33.33 66.67 61.67
Subject16 71.33 95.33 95.33
Subject17 47.67 81.00 85.67
Subject18 9.33 4.67 9.33
Subject19 90.33 100.00 95.33
Subject20 86.00 95.33 100.00
Subject21 24.00 66.33 71.33
Subject22 95.33 81.00 100.00
Subject23 90.67 95.33 95.33
AllSubjects 52.20 70.54 74.51
MX85+Z&
Table 3.1 Average accuracy of each paradigm for all subjects averaged for three trials 
Below are the results from the two way ANOVA test and the post hoc Tukey testing 
results.  
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Figure 3.6 Accuracy by paradigm and by word 
Figure 3.7 Interaction plot for Accuracy 
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Since the lines on the interaction plot above do not intersect, this means that there is no 
interaction between the two words.  Therefore, the two words chosen have no negative 
effects on the accuracy results. 
Two-way ANOVA: Accuracy versus Word, Paradigm  
Source        DF      SS       MS     F      P 
Word           1     103   103.15  0.13  0.715 
Paradigm       2   10861  5430.69  7.05  0.001 
Interaction    2     129    64.48  0.08  0.920 
Error        132  101654   770.11 
Total        137  112747 
S = 27.75   R-Sq = 9.84%   R-Sq(adj) = 6.42% 
Table 3.2 Two-way ANOVA test for all three paradigms
The two-way ANOVA results show that there is no interaction and there is no statistical 
evidence showing that the two different words make a difference when it comes to the 
accuracy.  However, with the P-value of < 0.005 there is significant statistical evidence 
that there is a difference when it comes to paradigms for the accuracies.  After the 
ANOVA testing the post hoc Tukey test was implemented.  The results for this test are on 
the next page. 
General Linear Model: Accuracy versus Paradigm  
Factor    Type   Levels  Values 
Paradigm  fixed       3  RB2, RC, SC 
Analysis of Variance for Accuracy, using Adjusted SS for Tests 
Source     DF    Seq SS    Adj SS  Adj MS     F      P 
Paradigm    2   10861.4   10861.4  5430.7  7.20  0.001 
Error     135  101886.0  101886.0   754.7 
Total     137  112747.4 
S = 27.4720   R-Sq = 9.63%   R-Sq(adj) = 8.29% 
Term        Coef  SE Coef      T      P 
Constant  66.614    2.339  28.48  0.000 
Paradigm
RB2        7.495    3.307   2.27  0.025 
RC         4.966    3.307   1.50  0.136 
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Unusual Observations for Accuracy 
Obs  Accuracy     Fit  SE Fit  Residual  St Resid 
 58    14.330  71.580   4.051   -57.250     -2.11 R 
 64     0.000  71.580   4.051   -71.580     -2.63 R 
 81     4.670  71.580   4.051   -66.910     -2.46 R 
 82     9.330  71.580   4.051   -62.250     -2.29 R 
 87     4.670  71.580   4.051   -66.910     -2.46 R 
110    14.330  74.108   4.051   -59.778     -2.20 R 
133     9.330  74.108   4.051   -64.778     -2.38 R 
R denotes an observation with a large standardized residual. 
Table 3.3 Post hoc Tukey test for all three paradigms 
The Tukey test shows that there is a statistical difference between the paradigms, more 
specifically showing the SC paradigm is worse than the RB2 paradigm and that there is 
no statistical difference between the RC and SC paradigms.  However, there are some 
unusual observations shown which are taken out so they do not skew the data results.
Subjects 12, 13, and 18 were all removed as to not skew the data.  The following are the 
results with the outliers removed.
Two-way ANOVA: Accuracy versus Word, Paradigm  
Source        DF       SS       MS      F      P 
Word           1     53.3    53.29   0.13  0.724 
Paradigm       2  10883.9  5441.93  12.84  0.000 
Interaction    2     72.6    36.28   0.09  0.918 
Error        114  48317.6   423.84 
Total        119  59327.4 
S = 20.59   R-Sq = 18.56%   R-Sq(adj) = 14.99% 
Table 3.4 Two-way ANOVA test for all three paradigms with the outliers removed
General Linear Model: Accuracy versus Paradigm  
Factor      Type   Levels  Values 
Paradigm    fixed       3  RB2, RC, SC 
Analysis of Variance for Accuracy, using Adjusted SS for Tests 
Source       DF   Seq SS   Adj SS  Adj MS      F      P 
Paradigm      2  10883.9  10883.9  5441.9  13.14  0.000 
Error       117  48443.5  48443.5   414.0 
Total       119  59327.4 
S = 20.3481   R-Sq = 18.35%   R-Sq(adj) = 16.95% 
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Term          Coef  SE Coef      T      P 
Constant    73.833    1.858  39.75  0.000 
Paradigm
RB2          6.275    2.627   2.39  0.019 
RC           7.184    2.627   2.73  0.007 
Unusual Observations for Accuracy 
Obs    Accuracy     Fit  SE Fit  Residual  St Resid 
 10       4.670  60.375   3.217   -55.705     -2.77 R 
 26      14.330  60.375   3.217   -46.045     -2.29 R 
 30       0.000  60.375   3.217   -60.375     -3.00 R 
R denotes an observation with a large standardized residual. 
Table 3.5 Post hoc Tukey test for all three paradigms with the outliers removed 
With the outliers removed the Tukey test shows that there is statistical evidence to show 
that the RC and RB2 are better than the SC paradigm, in terms of accuracy.  Another 
two-way ANOVA test was needed to determine whether or not there was any statistical 
difference between the RB2 and RC paradigms.  Below are the two-way ANOVA and the 
post hoc Tukey results for the RC and RB2 paradigms for all 23 subjects. 
Two-way ANOVA: Accuracy versus Word, Paradigm  
Source       DF       SS       MS     F      P 
Word          1      9.6    9.562  0.01  0.905 
Paradigm      1    147.0  147.018  0.22  0.639 
Interaction   1     47.8   47.837  0.07  0.789 
Error        88  58253.4  661.970 
Total        91  58457.8 
S = 25.73   R-Sq = 0.35%   R-Sq(adj) = 0.00% 
Table 3.6 Two-way ANOVA test for the RC and RB2 paradigms 
General Linear Model: Accuracy versus Paradigm  
Factor      Type   Levels  Values 
Paradigm    fixed       2  RB2, RC 
Analysis of Variance for Accuracy, using Adjusted SS for Tests 
Source      DF   Seq SS   Adj SS  Adj MS     F      P 
Paradigm     1    147.0    147.0   147.0  0.23  0.635 
Error       90  58310.8  58310.8   647.9 
Total       91  58457.8 
S = 25.4538   R-Sq = 0.25%   R-Sq(adj) = 0.00% 
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Term          Coef  SE Coef      T      P 
Constant    72.844    2.654  27.45  0.000 
Paradigm
RB2          1.264    2.654   0.48  0.635 
Unusual Observations for Accuracy 
Obs    Accuracy     Fit  SE Fit  Residual  St Resid 
 12      14.330  71.580   3.753   -57.250     -2.27 R 
 13      19.000  71.580   3.753   -52.580     -2.09 R 
 18       0.000  71.580   3.753   -71.580     -2.84 R 
 35       4.670  71.580   3.753   -66.910     -2.66 R 
 36       9.330  71.580   3.753   -62.250     -2.47 R 
 41       4.670  71.580   3.753   -66.910     -2.66 R 
 64      14.330  74.108   3.753   -59.778     -2.37 R 
 87       9.330  74.108   3.753   -64.778     -2.57 R 
R denotes an observation with a large standardized residual. 
Table 3.7 Post hoc Tukey test for the RC and RB2 paradigms 
Table 3.6 and Table 3.7 show the results of the RC and RB2 paradigms compared to each 
other.  The P-values show that there is no statistical difference between the accuracies of 
the two paradigms.  To be thorough the outliers were removed and the two-way ANOVA 
test and post hoc Tukey test were redone and the results are below. 
Two-way ANOVA: Accuracy versus Word, Paradigm  
Source       DF       SS       MS     F      P 
Word          1      4.5    4.513  0.02  0.888 
Paradigm      1     16.5   16.526  0.07  0.787 
Interaction   1     28.4   28.417  0.13  0.723 
Error        76  17055.2  224.410 
Total        79  17104.7 
S = 14.98   R-Sq = 0.29%   R-Sq(adj) = 0.00% 
Table 3.8 Two-way ANOVA test for the RC and RB2 paradigms with the outliers removed
General Linear Model: Accuracy versus Paradigm  
Factor      Type   Levels  Values 
Paradigm    fixed       2  RB2, RC 
Analysis of Variance for Accuracy, using Adjusted SS for Tests 
Source      DF   Seq SS   Adj SS  Adj MS     F      P 
Paradigm     1     16.5     16.5    16.5  0.08  0.784 
Error       78  17088.1  17088.1   219.1 
Total       79  17104.7 
S = 14.8013   R-Sq = 0.10%   R-Sq(adj) = 0.00% 
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Term          Coef  SE Coef      T      P 
Constant    80.563    1.655  48.68  0.000 
Paradigm
RB2         -0.455    1.655  -0.27  0.784 
Unusual Observations for Accuracy 
Obs    Accuracy     Fit  SE Fit  Residual  St Resid 
 44      47.670  80.108   2.340   -32.438     -2.22 R 
 64      43.000  80.108   2.340   -37.108     -2.54 R 
 66      47.330  80.108   2.340   -32.778     -2.24 R 
R denotes an observation with a large standardized residual. 
Table 3.9 Post hoc Tukey test for the RC and RB2 paradigms with the outliers removed 
The results of the Tukey test show that there is no statistical evidence between the 
accuracies of the RB2 and RC paradigms.  With the RB2 paradigm having a better 
average accuracy for both words among all 23 subjects there are not enough of a gap 
between the two average accuracies.  With more subjects there might be a statistical 
difference between the RC and RB2 paradigms. 
3.4.3 Adjacency Results 
Although the accuracies are similar between the RC and RB2 paradigms, the RB2 
paradigm is superior to the RC and SC paradigms when it comes to the adjacency 
problem.  The next three figures show the adjacency problem for all three paradigms.  
The center of the matrix shows the correct selection of the character.  The darker of the 
two grays show the adjacent errors.  The lighter of the two grays shows the errors that 
occurred in the same row or column but that were not adjacent to the target character. 
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Row 5   2 3 1 3 3 1 3 2 1
4   1 1 3 8 5 5 3 3 
3 1 2 2 4 4 5 5 6 4 5 
2 1 1 2 3 5 10 4 7 4 4 4
1 5 2 3 6 7 15 8 8 2 2 2
0 4 4 5 11 23 523 13 11 12 3 1
Ͳ1 2 2 5 3 9 19 7 2 3 1 
Ͳ2 2 3 2 3 2 10 6 2 1  2
Ͳ3 1  2 5 4 3 7 5 2 5 
Ͳ4 1 1 3 2 1 1 1 2 1 1 
Ͳ5  2   5 8 5 2 6 3 
Ͳ5 Ͳ4 Ͳ3 Ͳ2 Ͳ1 0 1 2 3 4 5
Column
BothWordsͲSingleCharacter
TargetSelections523/966
1°errors70/966
Othererrors274/966 28.36%
2°errors99/966
54.14%
7.25%
10.25%
Table 3.10 Adjacency errors of the single character paradigm 
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Row 5      6   1 1 
4      11  1 1  
3     1 11 2 3   1
2  1    13 1   3 
1 1   3 3 19 1 3 1  
0  4 2 13 28 692 21 17 8 6 5
Ͳ1  1 2 3 3 16 4  2 3 
Ͳ2  2 1 1 4 6   1  1
Ͳ3   2  3 6     
Ͳ4   1 2 1 3 1 2   
Ͳ5    1  8 1  1  
Ͳ5 Ͳ4 Ͳ3 Ͳ2 Ͳ1 0 1 2 3 4 5
Column
BothWordsͲRowColumn
TargetSelections692/966
1°errors84/966
Othererrors71/966 7.35%
2°errors119/966
71.64%
8.70%
12.32%
Table 3.11 Adjacency errors of the row/column  paradigm 
Region1 Region2 Region3 Region4 Region5 Region6 Region7
Region1 212 13 12 12 8 9 10
Region2 13 218 8 12 3 12 10
Region3 16 6 219 12 5 8 10
Region4 11 8 7 213 13 11 13
Region5 12 5 13 4 226 5 11
Region6 10 14 16 12 11 194 19
Region7 8 12 19 10 9 10 208
282 276 294 275 275 249 281
70 58 75 62 49 55 73
76.81% 78.99% 79.35% 77.17% 81.88% 70.29% 75.36%
ActualRegion
In
te
nd
ed
Re
gi
on
Totalregionselected
Wrongfullyselected
RegionAccuracy
Table 3.12 Adjacency errors of the region based  paradigm 
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Putting the characters into regions instead of the traditional matrix format reduces the 
errors due to the adjacency problem.  Another benefit of the region based paradigm is that 
the user has control of 49 characters instead of the original 36.  A new feature to consider 
now with the region based paradigm is the errors per region.  The next section covers the 
errors per region for the region based paradigm. 
3.4.4 Region Error 
One problem that is present in the region based paradigm is the errors per region.  
Figure 3.8 shows the average number of errors per region for all 23 subjects for both 
words over the three trials.  There is an even distribution of errors among the regions 
showing that one region is not easier to select a character from than the others. 
Figure 3.8 Percentage of errors per region for the RB2 paradigm for all 23 subjects 
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A.) It's easy but eyes get tired from staring at the letters for so long. Takes quite a bit of 
time to spell a word. 
B.) Don't use this algorithm. It is boring, slow, and poor at prediction. 
C.) My ADD kicked in watching 1 min for 1 letter. Is way too long. 
D.) Too long of time span between flashing the letter I wanted to choose-gave time to get 
distracted. Lg. black square left an after image-when switching to next letter I could see 2 
images of black square. 
E.) Length of paradigm takes too long, focus is lost. 
F.) Accurate and easy to use; however, there were several times when my vision blurred 
and it was hard to concentrate because it took a long time per character. 
G.) This one was easiest on the eyes but required more attention than the other two but 
probably could have gone better if the numbers didn't flash randomly. 
H.) Too much flashing. 
 The following are the responses to the question “Any specific thoughts” for the 
RC paradigm: 
A.) Easy to select adjacent numbers. 
B.) Better than SC. 
C.) Black square leave distracting after image. 
D.) The flashing rows and columns were too distracting, making it hard to focus. 
E.) Actual words were easier to spell than the random characters. 
F.) This was fatiguing for my eyes more than anything else. 
G.) My eyes hurt. 
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H.) It doesn't work unless you're 100% focused. 
 The following are the responses to the question “Any specific thoughts” for the 
RB2 paradigm: 
A.) Easy to separate the letter, less distractions from all of the flashing lights. 
B.) Much better than other 2. May consider for use as a word selector (common words 
instead of letters). 
C.) Does introducing color help? 
D.) My brain likes grids better than hexagons. 
E.) Easier to spell accurately than previous paradigm. Struggled most with numbers and 
symbols. 
F.) I liked the regions. Made it easy to keep track of the letters/numbers/or symbols. 
G.) This was much easier on my eyes than the row/column one. 
H.) I liked having fewer potential characters at once. 
 Summarizing the opened ended results, it seems like the subjects liked the RB2 
paradigm over the RC and SCS paradigms and RC over the SC paradigm.  Also, a few of 
the subjects thought that the flash time we too long or there were too many flashes.  
Another concern was when staring for an extended amount of time there is the chance of 
an afterimage when the subject blinks.  There were many other concerns as well, mostly 
opinions about the individual paradigms. 
The last piece of data to review is the brain computer interface subject questionnaire form 
that is filled out by every subject, the first have at the beginning of the test and the second 
half at the end of the test.  The next two figures are showing the results from questions 1-
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4 from the first half of the questionnaire.  Figure 3.12 shows the results for only the first 
question, overall, how are you feeling today?, with 1 being the worst and 10 being the 
best.
Figure 3.12 Results from question 1 and 7 of the brain computer interface subject questionnaire found in 
Appendix A – BCI Subject Questionnaire 
Looking at the graph above the average subject was feeling pretty good the day of the test 
with an average rating of 7.78 out of 10. The average score for how the subject was 
feeling after the test was a 6.22 showing that most of the subjects were worn out over the 
testing period.  This is important to consider if the subject has something else on their 
mind or is having a bad day they may not be able to perform as well on the tests.   
The next graph shows the results to questions 2-4.  The three questions are just to see if 
the subject feels stressed, if he or she is well rested, and if they can sit at a computer for 
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two hours.  Most of the subjects said that they were well rested, not stressed out, and 
were able to sit at a computer for two hours. 
Figure 3.13 Results from question 2-4 of the brain computer interface subject questionnaire found in 
Appendix A – BCI Subject Questionnaire 
Figure 3.14 Results from question 8-10 of the brain computer interface subject questionnaire found in 
Appendix A – BCI Subject Questionnaire 
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The graph on the previous page is similar to the questions asked before the 
experiment.  The questions were as follows: 8.) Are you feeling drowsy? 9.) are you 
feeling fatigued? 10.) Are you feeling stressed?  Overall, most of the subjects were 2:1 on 
questions 8 and 9 favoring feeling drowsy and fatigued.  While, most subjects said that 
they were not feeling stressed at the end of the experiments. 
The following are the open ended results in no particular order, if a subject did not write 
anything in these sections nothing was recorded for them. 
 The following are the responses to the question “what changes would you make to 
the procedures?” in the brain computer interface subject questionnaire: 
A.) The first paradigm makes the eyes hurt quite a bit so a break between test would be 
helpful. 
B.) Remove single flash, test fatigue ruins concentration. 
C.) 2nd paradigm was too long (referring to the SC paradigm since it was the second 
when he took the test).
D.) Get rid of the really long test. 
E.) Get rid of the single flashing letter test. 
F.) Take less time. 
G.) Singles letter speed up the process & slow down the letters with rows & columns. 
Circle was right speed. 
H.) Nothing comes to mind. 
I.) The last test was over-tedious. 
J.) Full screen. 
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K.) Shorter. 
L.) Make time for a break in the middle. 
M.) Make it go faster. 
N.) Not the last paradigm 
 The following are the responses to the question “were you easily distracted or 
unable to focus on the speller program” in the brain computer interface subject 
questionnaire:
A.) At times, yes, but for the most part I was able to concentrate. 
B.) During test 1 (single flashes). 
C.) None. 
D.) None. 
E.) None. 
F.) Sometimes zoned the other letters out. 
G.) On the longer ones yes, shorter ones no. 
H.) Not really. 
I.) No. 
J.) No. 
K.) None. 
L.) Somewhat. 
M.) With the single letter it was hard to focus.  Others were ok to focus on. 
N.) Yes, especially as the experiment progressed. 
O.) Yes. 
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P.) On the last one yes (referring to the SC paradigm since it was the last one when he 
took the test). 
Q.) Yes. 
R.) From time to time. 
S.) Yes. 
T.)  Not really. 
U.) Yes. 
V.) Only the last paradigm (referring to the SC paradigm since it was the last one when 
she took the test). 
W.) Yes, I would lose focus and think about stuff. 
 The following are the responses to the question “please write any other comments 
or suggestions here:” in the brain computer interface subject questionnaire: 
A.) Speed up single letter program. 
B.) Have it flash 3 times not 6 
 Overall, it seems like the subjects had a harder time concentrating on the SC 
paradigm since it took too long to complete.  A lot of the changes that the subjects would 
have made would be to make the test shorter, have it flash less, or have it flash faster. 
Looking over all the results it seems that the subjects preferred the RB2 paradigm, 
followed by the RC paradigm, and they really did not like the SC paradigm. 
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Chapter 4. Conclusion
4.1 Conclusion
Among all three experiments, it was found that the RC and RB paradigms 
outperformed the SC paradigm when it comes to accuracy and user friendliness.  The RB 
paradigm did slightly better than the RC paradigm but not enough to show a significant 
difference.  However, the key benefit of the RB over the RC is it was found to reduce the 
adjacency problem. 
4.2 My Contributions 
 My contributions for this project were plentiful including programming the new 
paradigm, writing journal papers, attending conferences, poster presentations, and many 
other things.  Detailed contributions that I made are listed as follows: 
1) Working on the programming in MATLAB to make the region based paradigm ready 
for testing. 
2) Tested 6 subjects comparing the SC, RC, RB1, and RB2 paradigms. 
3) Changed the code for the region error experiment. 
4) Tested 8 subjects for the region error experiment 
5) Helped in writing, review, and testing for the “A comparison among several P300 
Brain-Computer Interface Speller Paradigms” journal article. 
6) Helped in writing, review, and testing for the “Determining the Region Accuracy of a 
Region-Based P300 Speller Paradigm.
58
7) Helped with the review and testing for the “P300-based Brain-Computer Interface 
Paradigm Design” paper. 
8) Helped with the writing, testing, and review for submissions of conference papers. 
a.) Patent Filed: “Device and method for rehabilitation and therapy using surface 
electromyography and biofeedback”, 2011. Inventors: A. V. Putnam,  M. Dhawan, S. Gavett, 
C. Hahn, B. Lemke, R. Fazel-Rezai, #61/326,020, 2011. 
b.) W. Ahmad, S. Gavett, R. Fazel-Rezai, “P300 Brain Computer Interface,” 2011 Design of 
Medical Devices Conference (DMD2011), April 12-14, 2011, Minneapolis, Minnesota, USA. 
c.) W. Ahmad, S. Gavett, E. Schneider, R. Fazel-Rezai, “Determining the Region Accuracy of a 
Region-Based P300 Speller Paradigm,” Journal of Medical Devices, June 2011, vol. 5 
(2), 027540. 
d.) W. Ahmad, S. Gavett, and R. Fazel-Rezai, “Region-Based Hybrid Brain-Computer Interface 
Speller Paradigm,” the Frank Low Research Day, Grand Forks, ND, 2011. 
e.) S. Gavett and R. Fazel-Rezai, “Evaluation of Paradigms for a P300 Based Brain Computer 
Interface Speller,” the ND EPSCoR State Conference, Fargo, ND, 2011. 
f.) E. Schneider, S. Gavett, and R. Fazel-Rezai, “Virtual Keyboard based on P-300 Visual 
Evoked Potentials in Brain Signals,” the ND EPSCoR State Conference, Grand Forks, ND, 
2010. 
g.) W. Ahmad, S. Gavett, E. Schneider, and R. Fazel-Rezai, “Determining the Accuracy of 
Various Regions for a Brain-Computer Interface (BCI) Speller based on P300 Potentials,” the 
ND EPSCoR State Conference, Grand Forks, ND, 2010. 
h.) W. Ahmad, S. Gavett, and R. Fazel-Rezai, “A new paradigm for brain-computer interface 
(BCI) speller based on p300 potentials,” the Frank Low Research Day, Grand Forks, ND, 
2010. 
i.) A. Putnam, S. Gavett, C. Hahn, M. Dhawan, and R. Fazel-Rezai, “EMC2 Muscle Maze: A 
Fun and Easy Way to Rehabilitate Muscles,” the Frank Low Research Day, Grand Forks, ND, 
2010. 
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j.) S. Gavett, Z. Wygant, S. Amiri, and R. Fazel-Rezai, “Reducing Human Error in P300 Speller 
Paradigm for Brain-Computer Interface,” IEEE EMBS conference, San Diego, CA, 2012 
9) Have participated in multiple poster presentation, to name a few, Frank Low poster 
presentation, Engineering Research Summit, ND EPSCoR, and others. 
10)  Worked on but did not complete the coding for a predictive paradigm shown below 
in Figure 4.1. 
Figure 4.1 Predictive region based paradigm 
11)  Changed the code for the SC, RC, and RB2 paradigm experiment. 
12)  Tested 23 subjects and analyzed the results. 
4.3 Future Works 
 In the future if someone were to continue this project I would like to see the 
predictive paradigm completed and tested.  Comparing the RB-predictive with the regular 
RB and the RC paradigms.  I would like to see a hybrid of the P300 based and SSVEP 
done with this experiment set up as well.
APPENDICES 
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APPENDIX A – BCI SUBJECT QUESTIONNAIRE 
Subject ID: _______________ 
Brain Computer Interface Subject Questionnaire  
Please circle the best response.  Questions 1-6 should be completed prior to testing. 
1. Overall, how are you feeling today?  One being the worst and 10 being the best. 
1    2 3 4 5 6 7 8 9 10 
2. Do you feel well rested? 
Yes      No 
3. Do you feel stressed? 
Yes     No 
4. Can you sit at a computer performing tasks for up to 2 hours? 
Yes     No 
5. Do you have any pre-existing medical conditions that require specific medical attention? 
Yes     No 
                      If yes, please explain ________________________________________________________  
6. Do you have any allergies? 
             Yes     No 
                     If yes, please list ____________________________________________________________  
To be completed after testing: 
7. Overall, how are you feeling after testing?  One being the worst and 10 being the best. 
1 2 3 4 5 6 7 8 9 10 
8. Are you feeling drowsy? 
Yes     No 
9. Are you feeling fatigued? 
Yes     No 
10. Are you feeling stressed? 
Yes     No 
11. What changes would you make to the procedures? 
12. Were you easily distracted or unable to focus on the speller program? 
Please write any other comments or suggestions here: 
 ________________________________   ___________________   
      Participant’s Signature              Today’s Date 
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APPENDIX B – SUBJECT QUESTIONNAIRE 
Subject Questionnaire 
Paradigm Name: ___________________ 
Date and Time: ____________________ 
Experiment No. ___________________ 
Subject ID: _______________________ 
All the questions are on the scale from 1 to 10, 1 being the worst and 10 being the best.  
1. What was your level of fatigue after this experiment?   
1 2 3 4 5 6 7 8 9 10 
2. How comfortable were you in counting the flashing targets?  
1 2 3 4 5 6 7 8 9 10 
3. How would you rate this paradigm for spelling purposes? 
1 2 3 4 5 6 7 8 9 10 
4. The experiment with this paradigm was easy to use? 
1 2 3 4 5 6 7 8 9 10 
5. Any specific thoughts: 
_____________________________________________________________________
_____________________________________________________________________
_____________________________________________________________________
_____________________________________________________________________
_____________________________________________________________________
_____________________________________________________________________
_____________________________________________________________________
_____________________________________________________________________
________________________________________________
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APPENDIX D –RESULTS FROM THE ERRORS PER REGION EXPERIMENT 
Date:__8/9/2010______
SubjectStudentID:____N/A______________ SubjectID:_____007___________Time:___11:20am____
Trial1 Trial11
Order 4 3 5 6 7 1 2 Percent Order 3 4 5 6 1 2 7 Percent
Actual 4 3 5 6 2 4 2 71.43% Actual 3 7 6 6 1 2 7 71.43%
Trial2 Trial12
Order 5 2 3 1 7 4 6 Percent Order 2 3 5 4 7 6 1 Percent
Actual 5 4 3 2 7 4 1 57.14% Actual 2 3 5 3 7 6 2 71.43%
Trial3 Trial13
Order 3 4 1 7 6 2 5 Percent Order 3 6 5 1 7 2 4 Percent
Actual 3 6 6 6 6 7 5 42.86% Actual 3 6 5 1 7 2 4 100.00%
Trial4 Trial14
Order 1 6 5 2 3 4 7 Percent Order 6 1 3 2 7 5 4 Percent
Actual 1 6 5 2 3 4 2 85.71% Actual 6 1 5 2 7 5 1 71.43%
Trial5 Trial15
Order 1 5 6 7 4 2 3 Percent Order 1 7 5 2 3 4 6 Percent
Actual 1 5 1 7 2 6 6 42.86% Actual 6 7 5 2 3 4 6 85.71%
Trial6 Trial16
Order 4 2 6 5 1 3 7 Percent Order 7 6 3 2 5 4 1 Percent
Actual 4 2 1 6 1 7 7 57.14% Actual 7 2 3 2 5 4 1 85.71%
Trial7 Trial17
Order 7 6 4 5 1 3 2 Percent Order 3 2 7 4 6 5 1 Percent
Actual 7 6 4 2 1 6 2 71.43% Actual 3 2 7 4 6 5 1 100.00%
Trial8 Trial18
Order 3 2 5 6 1 7 4 Percent Order 4 1 7 2 6 5 3 Percent
Actual 3 2 5 7 1 7 4 85.71% Actual 4 1 2 2 6 2 3 71.43%
Trial9 Trial19
Order 6 3 4 7 2 1 5 Percent Order 4 1 6 7 2 3 5 Percent
Actual 6 3 2 7 2 1 7 71.43% Actual 4 3 6 7 2 3 5 85.71%
Trial10 Trial20
Order 6 1 5 4 7 3 2 Percent Order 1 2 4 3 7 6 5 Percent
Actual 6 1 5 5 7 3 1 71.43% Actual 1 2 4 3 2 4 5 71.43%
SubjectName:______N/A________________
RegionBasedtestingtheregions
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Date:___8/10/2010_______
SubjectStudentID:_____N/A____________SubjectID:____008___________Time:_____10:35am____
Trial1 Trial11
Order 3 7 1 5 4 2 6 Percent Order 2 3 4 7 5 1 6 Percent
Actual 3 7 1 2 4 2 6 85.71% Actual 2 6 3 6 4 4 6 28.57%
Trial2 Trial12
Order 5 3 7 2 1 6 4 Percent Order 4 7 2 6 5 1 3 Percent
Actual 5 2 7 2 3 6 4 71.43% Actual 4 1 2 6 5 7 3 71.43%
Trial3 Trial13
Order 5 3 6 7 2 4 1 Percent Order 4 1 5 2 6 3 7 Percent
Actual 5 5 6 7 2 4 1 85.71% Actual 4 1 5 2 3 1 7 71.43%
Trial4 Trial14
Order 3 2 5 1 6 4 7 Percent Order 4 2 3 5 7 6 1 Percent
Actual 3 2 5 1 6 4 5 85.71% Actual 4 2 3 3 7 6 3 85.71%
Trial5 Trial15
Order 6 5 4 7 2 1 3 Percent Order 5 2 6 3 4 7 1 Percent
Actual 6 4 7 7 2 2 3 57.14% Actual 5 2 3 3 3 5 1 57.14%
Trial6 Trial16
Order 1 3 5 4 6 7 2 Percent Order 5 1 7 2 4 3 6 Percent
Actual 1 3 1 7 4 7 2 57.14% Actual 5 1 7 2 1 3 6 85.71%
Trial7 Trial17
Order 3 2 1 5 4 7 6 Percent Order 2 7 6 4 1 3 5 Percent
Actual 3 2 7 5 4 7 7 71.43% Actual 2 7 2 3 1 1 2 42.86%
Trial8 Trial18
Order 5 2 1 3 6 7 4 Percent Order 7 6 3 4 5 1 2 Percent
Actual 5 7 1 3 6 4 4 71.43% Actual 7 6 3 3 5 1 2 85.71%
Trial9 Trial19
Order 1 2 6 7 4 3 5 Percent Order 1 4 3 6 2 7 5 Percent
Actual 1 7 6 5 6 3 5 57.14% Actual 1 4 3 6 2 7 5 100.00%
Trial10 Trial20
Order 3 7 1 2 4 5 6 Percent Order 5 2 6 4 7 3 1 Percent
Actual 5 7 5 2 4 5 6 71.43% Actual 5 2 6 3 7 2 6 57.14%
SubjectName:_______N/A______________
RegionBasedtestingtheregions
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Date:___8/11/2010______
SubjectStudentID:____N/A_____________SubjectID:______009_________Time:____10:15am______
Trial1 Trial11
Order 6 3 7 5 1 2 4 Percent Order 1 4 3 7 6 2 5 Percent
Actual 6 3 7 5 1 4 4 85.71% Actual 1 4 3 7 6 2 5 100.00%
Trial2 Trial12
Order 4 7 1 6 2 3 5 Percent Order 7 2 5 6 4 3 1 Percent
Actual 4 7 1 6 2 3 5 100.00% Actual 7 2 5 6 4 3 1 100.00%
Trial3 Trial13
Order 2 3 7 5 1 4 6 Percent Order 1 5 7 2 6 3 4 Percent
Actual 2 3 7 5 1 4 6 100.00% Actual 1 5 7 2 6 3 4 100.00%
Trial4 Trial14
Order 1 7 4 6 5 2 3 Percent Order 1 3 7 5 2 6 4 Percent
Actual 1 7 4 6 5 2 3 100.00% Actual 1 3 7 5 2 6 3 85.71%
Trial5 Trial15
Order 4 6 7 2 5 1 3 Percent Order 7 2 6 1 3 4 5 Percent
Actual 4 6 7 2 5 1 3 100.00% Actual 7 2 6 1 3 4 5 100.00%
Trial6 Trial16
Order 5 3 7 6 2 1 4 Percent Order 7 3 1 5 4 2 6 Percent
Actual 5 3 7 6 2 1 4 100.00% Actual 7 3 1 5 4 2 6 100.00%
Trial7 Trial17
Order 3 5 4 6 7 1 2 Percent Order 4 2 1 5 6 7 3 Percent
Actual 3 5 4 6 7 1 2 100.00% Actual 4 2 1 5 3 7 3 85.71%
Trial8 Trial18
Order 6 5 2 7 4 3 1 Percent Order 1 7 3 2 5 4 6 Percent
Actual 6 5 2 7 4 3 1 100.00% Actual 1 7 3 6 5 4 6 85.71%
Trial9 Trial19
Order 4 6 2 7 3 5 1 Percent Order 3 7 2 1 6 5 4 Percent
Actual 4 6 2 1 3 5 1 85.71% Actual 3 7 2 1 6 5 4 100.00%
Trial10 Trial20
Order 5 6 7 4 1 2 3 Percent Order 7 4 2 6 3 1 5 Percent
Actual 5 6 7 4 1 2 3 100.00% Actual 7 4 2 6 3 1 5 100.00%
SubjectName:_____N/A________________
RegionBasedtestingtheregions
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Date:__8/12/2010_______
SubjectStudentID:______N/A___________SubjectID:____010___________Time:___3:10pm_______
Trial1 Trial11
Order 6 3 7 5 1 2 4 Percent Order 7 4 2 6 3 1 5 Percent
Actual 6 3 7 5 1 2 2 85.71% Actual 7 4 2 6 3 1 1 85.71%
Trial2 Trial12
Order 4 7 1 6 2 3 5 Percent Order 1 4 3 7 6 2 5 Percent
Actual 4 7 1 6 2 3 5 100.00% Actual 1 4 3 7 6 2 5 100.00%
Trial3 Trial13
Order 2 3 7 5 1 4 6 Percent Order 7 2 5 6 4 3 1 Percent
Actual 2 3 7 5 1 4 6 100.00% Actual 7 2 5 6 4 3 1 100.00%
Trial4 Trial14
Order 1 7 4 6 5 2 3 Percent Order 1 5 7 2 6 3 4 Percent
Actual 1 7 4 6 5 7 3 85.71% Actual 1 5 7 2 6 3 5 85.71%
Trial5 Trial15
Order 4 6 7 2 5 1 3 Percent Order 1 3 7 5 2 6 4 Percent
Actual 4 6 7 2 5 1 3 100.00% Actual 1 3 7 5 2 6 4 100.00%
Trial6 Trial16
Order 5 3 7 6 2 1 4 Percent Order 7 2 6 1 3 4 5 Percent
Actual 5 3 7 6 2 1 4 100.00% Actual 7 2 6 1 3 4 5 100.00%
Trial7 Trial17
Order 3 5 4 6 7 1 2 Percent Order 7 3 1 5 4 2 6 Percent
Actual 3 5 4 6 7 1 2 100.00% Actual 7 3 1 5 4 2 6 100.00%
Trial8 Trial18
Order 6 5 2 7 4 3 1 Percent Order 4 2 1 5 6 7 3 Percent
Actual 6 5 2 7 4 3 1 100.00% Actual 4 2 1 5 6 7 3 100.00%
Trial9 Trial19
Order 4 6 2 7 3 5 1 Percent Order 1 7 3 2 5 4 6 Percent
Actual 4 6 3 7 3 5 1 85.71% Actual 1 7 3 2 5 4 6 100.00%
Trial10 Trial20
Order 5 6 7 4 1 2 3 Percent Order 3 7 2 1 6 5 4 Percent
Actual 5 6 7 1 1 2 3 85.71% Actual 3 7 2 1 6 5 4 100.00%
SubjectName:_______N/A______________
RegionBasedtestingtheregions
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Date:__8/13/2010________
SubjectStudentID:____N/A_____________SubjectID:____011___________Time:___1:50pm________
Trial1 Trial11
Order 6 3 7 5 1 2 4 Percent Order 7 4 2 6 3 1 5 Percent
Actual 7 3 7 5 1 2 4 85.71% Actual 7 6 7 3 2 7 5 28.57%
Trial2 Trial12
Order 4 7 1 6 2 3 5 Percent Order 1 4 3 7 6 2 5 Percent
Actual 4 7 1 3 4 5 2 42.86% Actual 7 4 2 4 4 2 7 28.57%
Trial3 Trial13
Order 2 3 7 5 1 4 6 Percent Order 7 2 5 6 4 3 1 Percent
Actual 2 3 2 3 6 4 6 57.14% Actual 7 2 5 7 4 3 6 71.43%
Trial4 Trial14
Order 1 7 4 6 5 2 3 Percent Order 1 5 7 2 6 3 4 Percent
Actual 7 5 5 6 5 2 3 57.14% Actual 1 5 7 2 6 3 4 100.00%
Trial5 Trial15
Order 4 6 7 2 5 1 3 Percent Order 1 3 7 5 2 6 4 Percent
Actual 4 6 2 4 4 7 3 42.86% Actual 2 1 3 2 2 3 3 28.57%
Trial6 Trial16
Order 5 3 7 6 2 1 4 Percent Order 7 2 6 1 3 4 5 Percent
Actual 4 3 2 5 1 5 4 28.57% Actual 7 2 1 4 3 4 5 71.43%
Trial7 Trial17
Order 3 5 4 6 7 1 2 Percent Order 7 3 1 5 4 2 6 Percent
Actual 4 5 4 7 7 3 2 57.14% Actual 2 3 3 3 7 4 6 28.57%
Trial8 Trial18
Order 6 5 2 7 4 3 1 Percent Order 4 2 1 5 6 7 3 Percent
Actual 6 1 2 7 2 3 1 71.43% Actual 7 6 6 6 5 7 7 14.29%
Trial9 Trial19
Order 4 6 2 7 3 5 1 Percent Order 1 7 3 2 5 4 6 Percent
Actual 6 6 5 7 3 5 6 57.14% Actual 2 4 3 2 4 2 1 28.57%
Trial10 Trial20
Order 5 6 7 4 1 2 3 Percent Order 3 7 2 1 6 5 4 Percent
Actual 5 6 4 4 7 4 5 42.86% Actual 2 4 1 5 4 5 5 14.29%
SubjectName:____N/A_________________
RegionBasedtestingtheregions
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Date:___8/19/2010_______
SubjectStudentID:_____N/A____________SubjectID:_____012__________Time:____12:30pm_______
Trial1 Trial11
Order 3 5 6 1 4 2 7 Percent Order 6 7 4 2 5 1 3 Percent
Actual 3 5 6 7 4 2 7 85.71% Actual 7 1 4 3 4 1 3 42.86%
Trial2 Trial12
Order 1 4 7 2 5 6 3 Percent Order 1 6 4 7 5 2 3 Percent
Actual 1 7 7 2 2 6 3 71.43% Actual 5 6 1 5 5 2 4 42.86%
Trial3 Trial13
Order 2 4 5 7 1 6 3 Percent Order 4 3 7 6 5 2 1 Percent
Actual 6 4 1 7 1 7 7 42.86% Actual 7 3 3 2 5 7 1 42.86%
Trial4 Trial14
Order 4 3 2 6 7 5 1 Percent Order 6 5 7 3 4 1 2 Percent
Actual 4 3 2 6 7 5 1 100.00% Actual 6 5 7 3 4 1 2 100.00%
Trial5 Trial15
Order 2 6 7 3 1 5 4 Percent Order 6 1 5 2 7 4 3 Percent
Actual 1 2 7 6 4 5 4 57.14% Actual 6 3 5 5 7 4 3 71.43%
Trial6 Trial16
Order 2 1 7 3 6 4 5 Percent Order 4 7 6 5 2 3 1 Percent
Actual 5 6 7 2 6 4 1 42.86% Actual 5 4 2 5 2 3 1 57.14%
Trial7 Trial17
Order 4 2 3 5 6 7 1 Percent Order 1 4 3 7 5 2 6 Percent
Actual 4 2 2 5 4 7 1 71.43% Actual 1 4 3 7 2 2 6 100.00%
Trial8 Trial18
Order 3 4 2 1 7 6 5 Percent Order 6 2 4 5 1 7 3 Percent
Actual 3 4 2 1 1 6 5 85.71% Actual 3 1 4 5 1 7 3 71.43%
Trial9 Trial19
Order 3 1 2 7 6 5 4 Percent Order 2 4 6 7 3 5 1 Percent
Actual 3 1 2 7 6 5 5 85.71% Actual 1 2 6 7 3 5 1 71.43%
Trial10 Trial20
Order 7 1 4 5 6 2 3 Percent Order 3 7 1 2 5 4 6 Percent
Actual 7 5 4 5 6 2 5 71.43% Actual 3 2 1 2 5 4 6 85.71%
SubjectName:___N/A__________________
RegionBasedtestingtheregions
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Date:___9/9/2010_______
SubjectStudentID:_____N/A____________SubjectID:______013_________Time:____3:35pm_______
Trial1 Trial11
Order 6 3 7 5 1 2 4 Percent Order 7 4 2 6 3 1 5 Percent
Actual 6 3 7 5 1 2 4 100.00% Actual 7 4 2 6 3 1 5 100.00%
Trial2 Trial12
Order 4 7 1 6 2 3 5 Percent Order 1 4 3 7 6 2 5 Percent
Actual 4 7 1 6 2 3 5 100.00% Actual 1 4 3 7 6 2 5 100.00%
Trial3 Trial13
Order 2 3 7 5 1 4 6 Percent Order 7 2 5 6 4 3 1 Percent
Actual 2 5 7 5 1 4 6 85.71% Actual 7 6 5 2 4 2 1 57.14%
Trial4 Trial14
Order 1 7 4 6 5 2 3 Percent Order 1 5 7 2 6 3 4 Percent
Actual 1 7 4 6 5 4 3 85.71% Actual 2 5 7 2 6 3 4 85.71%
Trial5 Trial15
Order 4 6 7 2 5 1 3 Percent Order 1 3 7 5 2 6 4 Percent
Actual 4 6 7 2 1 1 2 71.43% Actual 1 3 7 1 2 2 4 71.43%
Trial6 Trial16
Order 5 3 7 6 2 1 4 Percent Order 7 2 6 1 3 4 5 Percent
Actual 5 3 4 6 2 1 4 85.71% Actual 7 2 6 1 3 4 5 100.00%
Trial7 Trial17
Order 3 5 4 6 7 1 2 Percent Order 7 3 1 5 4 2 6 Percent
Actual 3 5 1 6 7 1 2 85.71% Actual 7 3 5 5 4 2 6 85.71%
Trial8 Trial18
Order 6 5 2 7 4 3 1 Percent Order 4 2 1 5 6 7 3 Percent
Actual 6 5 6 7 4 5 1 71.43% Actual 4 5 1 4 5 7 1 42.86%
Trial9 Trial19
Order 4 6 2 7 3 5 1 Percent Order 1 7 3 2 5 4 6 Percent
Actual 4 6 2 7 5 2 1 71.43% Actual 4 7 3 2 5 4 6 85.71%
Trial10 Trial20
Order 5 6 7 4 1 2 3 Percent Order 3 7 2 1 6 5 4 Percent
Actual 3 6 2 4 2 2 3 57.14% Actual 3 7 2 1 5 5 5 71.43%
SubjectName:______N/A_______________
RegionBasedtestingtheregions
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Date:___10/21/2010______
SubjectStudentID:_____N/A____________SubjectID:____014___________Time:___10:10am_______
Trial1 Trial11
Order 5 1 2 3 4 6 7 Percent Order 1 7 2 4 6 3 5 Percent
Actual 5 1 2 1 2 1 7 57.14% Actual 1 7 2 4 6 3 5 100.00%
Trial2 Trial12
Order 6 3 5 2 1 7 4 Percent Order 4 5 6 3 7 1 2 Percent
Actual 6 3 3 1 1 7 4 71.43% Actual 4 5 5 1 7 1 2 71.43%
Trial3 Trial13
Order 4 5 2 1 3 6 7 Percent Order 5 4 1 6 7 2 3 Percent
Actual 1 5 3 1 3 6 2 57.14% Actual 5 4 1 6 7 2 3 100.00%
Trial4 Trial14
Order 6 7 2 3 4 1 5 Percent Order 6 3 4 1 2 5 7 Percent
Actual 7 7 2 3 3 1 5 71.43% Actual 6 3 4 1 2 5 7 100.00%
Trial5 Trial15
Order 1 7 5 6 4 2 3 Percent Order 4 5 2 7 3 1 6 Percent
Actual 1 7 5 6 1 2 3 85.71% Actual 6 5 2 7 3 1 6 85.71%
Trial6 Trial16
Order 4 2 5 6 3 1 7 Percent Order 2 7 6 3 1 4 5 Percent
Actual 5 2 5 6 6 1 2 57.14% Actual 2 7 2 3 3 4 1 57.14%
Trial7 Trial17
Order 1 7 5 6 4 3 2 Percent Order 2 6 7 5 3 4 1 Percent
Actual 1 7 5 6 7 5 3 57.14% Actual 2 6 7 5 3 1 1 85.71%
Trial8 Trial18
Order 6 1 2 5 4 7 3 Percent Order 5 3 1 7 6 2 4 Percent
Actual 6 1 2 5 3 7 4 71.43% Actual 5 3 1 7 6 2 4 100.00%
Trial9 Trial19
Order 2 1 5 7 6 4 3 Percent Order 7 5 6 2 1 4 3 Percent
Actual 2 1 5 7 6 4 3 100.00% Actual 7 5 6 1 1 4 6 71.43%
Trial10 Trial20
Order 6 1 7 4 2 3 5 Percent Order 1 4 3 6 7 2 5 Percent
Actual 6 1 4 4 2 3 5 85.71% Actual 1 4 3 6 7 2 5 100.00%
SubjectName:______N/A_______________
RegionBasedtestingtheregions
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APPENDIX G – BCI TEST PLAN 
BCI Test plan 
Have subject read and sign the consent form and fill out the first half of the 
questionnaire.
1. Put EEG cap on subject and plug in the electrodes 
1.A. FPZ goes to GND 
1.B. Ear clip goes to right mastoid 
1.C. Fz goes to Channel 1 
1.D.Cz goes to Channel 2 
1.E. P3 goes to Channel 3 
1.F. Pz goes to Channel 4 
1.G.P4 goes to Channel 5 
1.H.PO7 goes to Channel 6 
1.I. Oz goes to Channel 7 
1.J. PO8 goes to Channel 8 
2. Use abrasive gel and Q-tips in each electrode 
3. Use the conductive gel from the syringe to put gel under the electrodes 
4. Open MATLAB 
5. Locate the 8 channel RC paradigm and open the file 
5.A.Make sure the settings are correct 
5.A.i. Double click on the Signal processing box and check to see if the 
following are correct 
5.A.i.a. Buffer length [ms] – 800ms 
5.A.i.b. Number of flashes - 6 
5.A.i.c. Number of channels – 8 
5.A.i.d. Classification method – Linear Discrimination Analysis 
5.A.ii. Double click on the RowCol Character Speller box and check to see if the 
following are correct 
5.A.ii.a. Mode – Copy Spelling 
5.A.ii.b. Flash time [ms] – 100 
5.A.ii.c. Dark time [ms] – 150 
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5.B. Click on the start simulation button
5.C. Click on the characters to spell the word ‘WATER’ or ‘LUCAS’ (these words are 
for calibration only) 
5.D.Click ‘START’ 
5.E. Have the subject try not to blink too often or grind their teeth this interferes with 
the EEG, have the subject sit 1 meter from the computer screen 
5.F. Show the subject their EEG and show them what happens when they blink and 
grind their teeth.  (this also is the time to see that all the electrodes have a good 
connection)
5.G.For this calibration period have the subject spell the word ‘WATER’ and 
‘LUCAS’ three times then you will load the .mat file for the calibration process. 
5.H.Type in ‘gbsanalyze’ 
5.H.i. File >> Load Data >> 0xx-t.mat 
5.H.ii. Sampling rate [Hz] – 256 
5.H.iii. User >> P300_LDA_MultiFile_Batch_8ch_256Hz 
5.H.iv. User >> P300_LDA_SingleFile_Batch_8ch_256Hz 
5.H.v. Wait for the files to load then close the window 
6. Type in randperm(3) into MATLAB 
6.A.Record the order of paradigms of the record sheet 
7. Locate the correct paradigm and make sure the settings are correct 
7.A.Type in the first word ‘PEBBLE!’ then start the test 
7.B. Record what was actually spelt 
7.B.i. If the RB2 paradigm make sure to record the regions that were selected 
these can be found after the word is spelt in the main MATLAB command 
window
7.C. After the two words have been spelt ‘PEBBLE!’ and ‘MX85+Z&’ then stop the 
paradigm by clicking the end simulation button. 
7.D.Change the mat file name 
7.D.i. The mat files should all read 0xx-1-1, 0xx-1-2, 0xx-1-3, 0xx-2-1, 0xx-2-2, 
0xx-2-3, 0xx-3-1, 0xx-3-2, 0xx-3-3 
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7.D.ii. The file format is subject ID – paradigm number – trial number 
7.E. After each word is tested three times for the paradigm have the subject fill out 
one of the Subject questionnaires. 
7.F. Open up next paradigm 
8. Repeat this until all paradigms are tested 
x After each paradigm have the subject fill out the subject questionnaire 
x At the end of the testing have the subject fill out the second half of the 
questionnaire and have him/her sign it 
x Make sure all papers are filled out and put them in the subject’s folder 
x Clean the EEG cap and let it dry for the next use 
Location of MATLAB files for testing
C:\Documents and Settings\Admin\My 
Documents\MATLAB\gP300SpSingleChar_gUSBamp_8ch_region1.mdl 
C:\Documents and Settings\Admin\My 
Documents\MATLAB\gP300_8ch\gP300SpSingleChar_gUSBamp_8ch.mdl 
C:\Documents and Settings\Admin\My 
Documents\MATLAB\gP300_8ch\gP300SpRowColChar_gUSBamp_8ch.mdl 
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